Abstract Invasive exotic plants can modify soil organic matter (SOM) dynamics and other soil properties. We evaluated changes in particulate organic matter (POM) and carbon (C) mineralisation in adjacent plots invaded by Solidago gigantea, Prunus serotina, Heracleum mantegazzianum and Fallopia japonica, and non-invaded control plots on different soils in Belgium. Litter decomposition of S. gigantea and P. serotina was compared to that of the native species Epilobium hirsutum, Betula pendula and Fagus sylvatica. Disregarding the differences in site characteristics (soil texture, parental material and plant species), we argued that the invasion by S. gigantea and P. serotina enhance SOM dynamics by increasing C mineralisation in 2 out of 3 sites invaded by S. gigantea and in 1 out of 3 sites invaded by P. serotina; C in coarse POM (cPOM, 4,000-250 μm) and fine POM (fPOM, 250-50 μm) in 1 site invaded by S. gigantea and C content in total POM (tPOM, 4,000-50 μm) and the organo-mineral fraction (OMF, 0-50 μm) in 1 site invaded by P. serotina. H. mantegazzianum and F. japonica slowed down SOM dynamics by reducing C mineralisation in three out of four sites; C and nitrogen (N) of fPOM in the invaded compared with the non-invaded plots at one site invaded by H. mantegazzianum. However, N content of cPOM (4,000-250 μm) was higher in the invaded sites by F. japonica compared with the non-invaded plots. Our results indicated that the effects of invasion by exotic plant species were not species-specific but site-specific.
Introduction
Invasions by exotic plant species are amongst the most important threats to natural ecosystems. Over the last few decades, several exotic invasive plant species have become established and spread in different areas and ecosystems in Belgium and surrounding countries (Verloove 2002; Saintenoy-Simon 2003) . Amongst them, Solidago gigantea (Asteraceae) originating from North America, spreading on waste lands and abandoned arable lands; Prunus serotina (Amygdalaceae) commonly found in forests on acid sandy soils; Heracleum manteggazzianum (giant hogweed) (Apiaceae) originating from the Caucasus and Fallopia japonica (Japanese knotweed) (Polygonaceae) originating from Asia, colonising a wide range of disturbed sites.
Alien plant invasions may affect soil organic matter (SOM) dynamics (Knicker et al. 2000) . Particulate organic matter (POM) and specific respiration are considered as early indicators when evaluating SOM changes in natural or managed ecosystems (Cambardella and Elliot 1992; Sikora et al. 1996) . POM status may be determined by physicochemical (Vanlauwe et al. 1999; Koutika et al. 2001a) or physical procedures (Koutika et al. 2001b) , the latter was preferred in the current study for practical reasons. POM became an increasingly popular parameter of labile SOM because it responds readily to soil management (Wander 2004) and the relationship between its fractions and crop have been identified (Koutika et al. 2002) . Carbon (C) mineralisation is an appropriate method to evaluate C biodegradability and SOM status in natural or managed ecosystems. Koutika et al. (1999) used mineralised C of whole soils and its fractions to assess SOM under pasture and forest soils. Litter decomposition rates also serve to determine and compare the litter quality of different plant or tree species in managed or natural ecosystems (Gallardo and Merino 1993; Giardina et al. 2001 ). The decomposition rates of litter are determined by differences in the quality of residues, such as carbon/nitrogen (C/N) ratio or lignin content (Ehrenfeld 2003) . Litter of many exotic plants was often found to decompose faster than litter of native plants; however, the contrary may also be due to the presence of secondary plant substances in high concentrations (Levine et al. 2003; Ehrenfeld 2003) .
Our objective was to evaluate changes in SOM dynamics as a result of invasion by exotic plant species, by comparing POM content and C respiration under soil patches invaded by the four selected exotic invasive plants and the surrounding native vegetation. We hypothesised that invasive exotic plants have effects on belowground processes such as SOM dynamics, but that the magnitude of the effects depends on site characteristics and plant species. Therefore, we tested the following hypotheses: (1) litter decomposition rate of S. gigantea and P. serotina differs from that of the dominant native plant species, i.e. Epilobium hirsutum, Betula pendula and Fagus sylvatica, and also differs between the invaded compared with the non-invaded soils and (2) POM and soil C respiration differs between soils invaded and non-invaded by the four selected exotic plant species.
Materials and methods
Site location, vegetation cover and soil sampling Three locations for S. gigantea (SG1, SG2, SG3) and for P. serotina (PS1, PS2, PS3) and two locations for H. mantegazzianum (HM1, HM2) and for F. japonica (FJ1, FJ2), were selected in the central part of Belgium (Tables 1  and 2 ). As described by Chapuis-Lardy et al. (2006) , the study locations were selected based on three main criteria: (1) a well-established and still increasing population of the invasive target species clearly distinct from the surrounding vegetation; (2) adjacent areas of non-invaded vegetation (herbaceous native species) located a few metres apart; (3) a relatively homogenous soil cover in the whole area based on no apparent topsoil difference investigated by a soil auger between invaded and non-invaded sites. At each location, six 1 m 2 plots in invaded and adjacent non-invaded sites were chosen. At the end of autumn 2003, soil samples were taken with a soil core sampler (4 cm diameter, 0-10 cm depth) in each plot. Each soil sample was a composite of 10 independent cores within each 1 m 2 plot area. Soils were air-dried, ground and passed through a 4-mm sieve for POM fractionation and a 2-mm sieve for other analyses.
Standard soil analyses
Particle size distribution was determined using the pipette method after H 2 O 2 pre-treatment and Na-citrate dispersion. Soil pH was determined in water and 1 M KCl (pH H2O and pH KCl , respectively) using a 1:5 soil:solution ratio. Total soil C was determined by volumetric method (Ströhlein, pol François, Chatêlet, Belgique) (Nelson and Sommers 1982) . Total nitrogen (N) content was determined using the Kjeldahl method (Büchi 435 Digestion Unit and Büchi 315 Distillation Unit) and titration (TIM 900 Titration Manger and ABU 901 Autoburette Radiometer, Copenhagen) (Bremner and Mulvaney 1982) .
Litter decomposition
The nylon mesh bag technique was used to monitor litter decomposition at SG1, PS1 and PS2. Nylon bags (14.5× 14.5 cm) with 1 mm mesh were used for S. gigantea site because the 1-mm mesh would be small enough to prevent major losses of the smallest leaves, yet large enough to permit aerobic microbial activity and free entry of small soil animals (Gallardo and Merino 1993) . For P. serotina sites, because the leaves were larger, the bag was built with 2 types of nylon mesh: the lower part of the bag in contact with the soil surface had a mesh size of 1 mm, whilst the upper part consisted of 7-mm mesh size material to allow the entry of larger soil animals. Mean C, N, C/N ratio, lignin and lignocellulose values of S. gigantea were 39.4%, 1.36%, 29.0, 10.7%, and 19.7%, respectively, whilst those of E. hirsutum were 37.7%, 1.30%, 29.1%, 13.3% and 27.6%, respectively (Vanderhoeven et al. unpublished data 2007) . Mean C, N, C/N ratio, lignin and lignocellulose values of P. serotina at PS1 were 40.1%, 1.03%, 38.9%, 14.4% and 26.0%, respectively, and those of P. serotina at PS2 were 36.8%, 1.59%, 23.1, 8.7% and 27.5%, whilst those of B. pendula were 39.4%, 1.36%, 29.0, 19.5% and 29.7%, respectively, and those of F. sylvatica were 39.7%, 1. 48%, 26.8, 14.7% and 39.8%, respectively (Vanderhoeven et al. unpublished data 2007) .
Litterbags were filled with one of the three following materials: (1) cellulose paper as a standard; (2) 48 h before being placed in the bags (2.5 g for SG1 and 5 g for PS1 and PS2). Three sets of 3 litterbags were placed in situ at 3 randomly selected points in the invaded and noninvaded sites; 1 set being harvested at each point 3, 6 and 9 months after placement (i.e. 9 replicates per material type and per date of harvest). Litterbags were carefully placed on the ground and under the surface litter to allow contact with the topsoil layer. At each sampling, the surface litter covering litterbags was carefully removed and litterbags lifted off the ground. The remaining litter material in bags was then dried at 60°C for 48 h and weighted. SOM analysis SOM was fractionated into POM according to the method elaborated by Cambardella and Elliot (1992) with modifications by Vanlauwe et al. (1999) and Koutika et al. (2001a) . Ten grams of air-dried soil (sieved <4 mm) and 50 ml of distilled water were shaken for 16 h in an end-over-end shaker at 40 rpm. The suspension was wet-sieved to separate the 4,000-250 μm, 250-50 μm and 0-50 μm fractions. In the two larger fractions, the organic components were separated from the mineral fraction by decantation. The following fractions were collected: coarse POM (cPOM, 4,000-250 μm) and fine POM (fPOM, 250-50 μm, mineral fraction (MF, 4,000-50 μm) and organo-mineral fraction (OMF, <50 μm). All fractions were dried at 45°C and weighted. At one site for each species, C and N concentrations were determined in cPOM, fPOM and the OMF using an elemental Autoanalyser (Carlo Erba CN 1600).
C mineralisation
Ten grams of soil (sieved <2 mm), pre-incubated for 1 week at 28°C and moistened with 2 ml of distilled water were placed in a 150-ml plastic bottle with plastic dishes containing 10 ml 0.1 M of NaOH placed inside the plastic bottles (to capture CO 2 ). The bottles were incubated at 28°C. After 1, 2, 4 and 6 weeks, the incubated soil was destructively sampled and the residual NaOH was determined by titration with 0.1 M H 2 SO 4 on the Radiometer TIM 900 Titration Manager pH metre using a ABU 901 Autoburette Radiometer (Copenhagen, Denmark). 
Statistical analyses
Litter decomposition data were analysed by comparing litterbags in non-invaded and invaded sites (t-test with 9 replicates for each date). At each date, soil sample data of non-invaded sites were compared to those of invaded sites (t-test with 6 replicates). All data were analysed using the STATISTICA Software package (StatSoft Inc. 2003) .
Results

Soil physicochemical properties
Soil texture was not different between invaded and noninvaded sites at SG1, SG2 and SG3 (Table 3) . However, at SG1, the soil contained less clay than at SG2 and SG3. At SG1, soil pH H2O and pH KCl were lower in invaded sites. The contrary was found at SG2, whilst no differences were found at SG3 (Table 3) . ΔpH was higher in invaded sites. There was no difference in sand content at PS1 and PS3 (Table 4) . However, the sand content was higher in the invaded sites at PS3. Clay content was higher in the invaded site at PS1, whilst the contrary was found at PS2 and PS3. Soil pH KCl was slightly higher in invaded sites at PS1. Soil pH H2O was higher in the non-invaded site.
Soil texture was different between non-invaded and invaded sites at HM1 (Table 5) . However, there were no differences in soil pH at that site. No difference in soil texture was found at HM2 but pH H2O was higher in invaded sites and ΔpH values were not significantly different in the invaded plots compared to the non-invaded plots, whilst at HM2, pH H2O and ΔpH were higher in the invaded sites (Table 5) .
Soil texture was not different between non-invaded and invaded sites at FJ1 and FJ2 (Table 5 ). Soil pH H2O was lower in invaded than non-invaded sites at FJ1 (Table 5) .
Percentage of remaining material in litterbags
At the SG1 site, the percentage of remaining material (PRM) of cellulose was significantly lower (P=0.057) in the invaded sites after 270 days of installation in situ (Fig. 1c) . At PS1, the PRM of P. serotina was significantly lower (P=0.042 and P=0.002) in the invaded sites at 90 and 270 days, respectively (Fig. 1e) . At 90 days, the PRM of cellulose was also significantly lower (P=0.006) in invaded sites (Fig. 1f) . At PS2, the PRM of F. sylvatica was significantly higher (P<0.001) at 90 and 270 days in the invaded (Fig. 1g ) than in the non-invaded sites. After 90 days in situ, the PRM of P. serotina was significantly higher (P=0.001) in the invaded sites, but the difference was no more significant afterwards (Fig. 1h) .
C mineralisation in vitro
At SG1, the soil C mineralisation rate was significantly higher (P=0.005, P=0.017, P=0.002 and P=0.05) in the invaded than in the non-invaded site after 1, 2, 4, and 6 weeks of incubation, respectively (Fig. 2a) . At SG2, cumulated mineralised C was significantly higher (P=0.013 and P=0.018) in invaded sites only after 1 and 2 weeks (Fig. 2b) . At PS1, soil C mineralisation was significantly higher (P=0.044, P=0.005 and P=0.044) in the invaded site than in the non-invaded site after 1, 2 and 4 weeks of incubation, respectively (Fig. 2d) . At HM1 and HM2, soil C respiration was lower in the invaded sites compared with the non-invaded sites after 1 and 2 weeks of incubation ( Fig. 3a and b) ; there was no difference anymore in cumulative mineralised C afterwards. Soil C respiration was lower in invaded sites after 1, 2 and 4 weeks of incubation at FJ2 (Fig. 3d) ; no difference was found after 6 weeks of incubation.
Weight, C and N in cPOM, fPOM and OMF fractions
Weight of the different POM fractions and the organomineral fraction were determined in all soil samples of the 10 selected sites. However, C and N concentrations were only determined in one site for each exotic plant species, i.e. SG1 for S. gigantea; PS1 for P. serotina; HM2 for H. mantegazzianum and FJ2 for F. japonica.
At SG1, the weight (%) of fPOM was significantly lower (P<0.004) in invaded than in non-invaded sites (Table 6 ). C contents in cPOM and fPOM were significantly higher (P= 0.051 and P=0.047) in invaded than in non-invaded sites, respectively (Table 7) . At PS1, total soil C was significantly higher (P=0.006) in invaded than in non-invaded sites (Table 7 ) and the C/N ratio of the cPOM was significantly lower (P=0.012) in invaded than in non-invaded sites. C and N concentrations in OMF were significantly higher (P= 0.039 and P=0.017, respectively) in soil collected in invaded sites, whilst the C/N ratio was not affected (Table 7) .
At HM1, the weight (%) of fPOM and OMF were lower in invaded than in non-invaded sites (Table 8 ). The MF, on the contrary, was higher in invaded than in non-invaded sites, probably due to the difference in soil texture (see Table 5 ). At HM2, the weight (%) of cPOM and fPOM were lower in invaded sites, whilst the contrary was found for the OMF (Table 8) . At HM2, total soil C and N concentrations were lower in invaded than in non-invaded sites (Table 9) . C and N concentrations in fPOM were lower in invaded than in non-invaded sites. Similarly, C concentration in OMF was lower in invaded than in non-invaded sites (Table 9 ). At FJ1, the weight (%) of cPOM was lower in invaded than in non-invaded sites (Table 8 ). At FJ2, N concentration in cPOM was higher in invaded compared with non-invaded sites ( Table 9 ). The C/N ratio of cPOM was lower in invaded plots than in non-invaded sites.
Discussion
In some sites (i.e. SG1, SG2, SG3, HM2, FJ1 and FJ2), differences observed in soil pH, C mineralisation and POM status between non-invaded and invaded sites may be g Fagus sylvatica ascribed to the presence of invasive exotic plant species because the soil texture was similar in invaded and noninvaded sites. The differences found at the four other sites (PS1, PS2, PS3 and HM1) are more problematic to ascribe to the presence of invasive exotic plant species. However, because the sum of the clay and silt fractions of the noninvaded sites was not different from that of the invaded sites at PS1, we assume that we could discuss the results of this site and those of HM2 because there was no difference in soil texture between invaded and non-invaded sites. Therefore, disregarding the differences in site characteristics (soil texture, parental material and plant species) and according to our findings, we could argue that the invasion by S. gigantea and P. serotina enhance SOM dynamics, whilst that of H. mantegazzianum and F. japonica slowed it down.
Exotic invasive plant species enhancing SOM dynamics, i.e. S. gigantea and P. serotina Soil C mineralisation was more intense in two out of three sites invaded by S. gigantea, probably because S. gigantea delivered more litter, which finally increased organic C, as indicated by the increased C in active SOM fractions, cPOM and fPOM. At SG1, an increase of C in cPOM (4,000-250 μm) and fPOM (250-50 μm) was observed in sites invaded by S. gigantea, probably due to high C contents of S. gigantea compared with the native E. hirsutum (39.4% vs 37.7%, respectively) and the higher aboveground phytomass of invasive patches compared to the native vegetation as shown by Chapuis-Lardy et al. (2006) . In addition, because S. gigantea residues contain less lignin and lignocellulose than the native plant species (E. hirsutum), the exotic plant species might have created the more active and reactive SOM. Thus, the aboveground and belowground inputs of S. gigantea apparently actively fractionate and incorporate into the soil and create the more active and reactive SOM as confirmed by an increase of C in cPOM and fPOM fractions. Ehrenfeld (2003) showed that invasive exotic plant species tend to produce litter that decays more rapidly than that of the co-occurring native species, thus modifying C and N cycling. Knicker et al. (2000) showed Hieracium pilosella-induced variations in SOM composition as a result of different amounts and quality of plant residue inputs. The higher C mineralisation in vitro and high C concentration in cPOM and fPOM fractions at SG1 in our study resemble the findings of Chapuis-Lardy et al. (2006) who found an increase in labile P in sites invaded by S. gigantea. At SG1, S. gigantea is spreading easily and patches are still growing.
Our results show differences in C mineralisation and POM status between sites invaded by P. serotina and noninvaded sites. However, because the soil texture was different between the non-invaded and invaded sites, differences may not exclusively be caused by the invading species. At site PS1 where litter decomposed faster in the plots invaded by P. serotina, in vitro C mineralisation in soil from invaded sites was also enhanced. P. serotina litter contains less lignin and lignocellulose than the native B. pendula. Therefore, P. serotina invasion may have generated the more active and reactive SOM as confirmed by the increase in total soil C, and C and N of OMF. Comparing pine and aspen soils, Giardina et al. (2001) showed that low quality litter resulted in high quality SOM with high mineralisation rates. In accordance with these authors' findings, at our invaded PS1, P. serotina litter had lower N and higher C/N ratio than the native B. pendula. Alternatively, it is possible that N may not be limiting. However, our invaded soil had higher total soil C content and mineralisation compared to that in native plant species.
Exotic invasive plant species slowing SOM dynamics, i.e. H. mantegazzianum and F. japonica A reduction in soil C mineralisation and a decrease in C and N concentrations in some POM fractions were found after H. mantegazzianum invasion (HM1 and HM2) probably due to the creation of less active SOM, which reduced SOM dynamics. It is important to underline that at HM2 similar texture was present in the non-invaded and invaded sites. These results indicate that the invasive plant species litter might decompose more slowly than that of the native species, and thereby reduce SOM dynamics. Changes in SOM status might also reduce microbial biomass or alter microbial diversity and activity, which might reduce SOM dynamics. Kourtev et al. (2002 Kourtev et al. ( , 2003 found that exotic invasive species could have profound effects on the composition of microbial communities.
The reduction in C mineralisation in sites invaded by mineralisation observed in invaded sites at that site might indicate a lower F. japonica litter decomposition and incorporation into soil than the native species counterpart. However, F. japonica invasion at the FJ2 site induced an increase of N content in cPOM, but C mineralisation remained lower in invaded compared to non-invaded soils. This site, invaded by F. japonica, and non-invaded sites have similar soil characteristics (texture, soil acidity and POM quantity), so the observed lower C respiration and higher N of cPOM are most likely due to F. japonica invasion. However, it appears that the impact of invasion by F. japonica might depend on parent material because there are no differences in C respiration between non-invaded and invaded plots at FJ1.
Conclusions
By studying POM status and C mineralisation, we have shown that SOM dynamics do change after invasion by exotic plants. Thus, after S. gigantea and P. serotina invasions, an enhancement of SOM dynamics occurs (high C contents of POM fractions and high soil C mineralisation). However, changes after P. serotina invasion is not clearly due to exotic plant invasion because soil texture was different at noninvaded and invaded sites. After H. mantegazianum and F. japonica invasions, SOM dynamics slows (lower POM weight and C and N contents and lower C mineralisation). Thus, our methodology allowed us to assess SOM status after invasion by the selected exotic plant species. However, the difference in soil texture at 4 of 10 sites and the lack of litter decomposition of H. mantegazzianum and F. japonica do not allow us to generalise changes that occurred in SOM status after exotic plant invasion. Thus, changes observed in the study mainly depended on local site characteristics (soil properties, parental material and plant cover), which determined the magnitude and direction of impact of the invasion by the four selected exotic plant species, i.e. S. gigantea, P. serotina, H. mantegazzianum and F. japonica on ecosystems. Selection of more sites with similar soil texture is crucial for assessing changes that occur after exotic plant invasion. This requirement is difficult to fill because the selected site were not created, but found naturally. In addition, further research on microbial activity after the invasion of the four identified exotic invasive plant species would be of great interest in the evaluation of their impacts on SOM dynamics. 
